As an installation and protection device for electrical and electronic components, a shipboard cabinet is a typical multiplate structure. In order to study the impact environment distribution laws of such structures, impact testing was carried out on a shipboard cabinet under four working conditions in this paper. In addition, the impact response characteristics of such a multiplate structure were determined by numerical simulation and theoretical analysis. e impact environments of some pivotal points in cabinet were measured and some laws of dynamic response were found. e impact environment of central position was more severe on a single plate because of the first vibration modal. For different plates, the responses were usually similar at low-frequency band and a little different at high-frequency band. e theoretical analysis of the single degree of freedom oscillator was carried out, and the sensitivity of the response to the different characteristic frequencies was discussed based on the shock spectrum theory. A new method of calculating the response at a special frequency was proposed and verified.
Introduction
With the development of various antiship weapons, a ship's ability to resist load impact is becoming more and more important in the research of battleships' viability [1, 2] . How to ensure the normal operation of the key subsystems of ships is a major task in the research of modern battleships. e electronic system is like a "nerve and blood circulation system" for transmitting signals and energy in a ship, so its impact resistance is very important. However, electrical and electronic devices usually are characterized by structural precision and extremely sensitive to underwater explosion. When subjected to explosion impact, they may tend to turnoff or produce plastic deformation to affect the reliability of equipment and endanger the safety of ships. At present, the most researchers focus on the mechanical equipment, such as diesel engine and gearbox [3, 4] . e electric equipment was not paid enough attention. erefore, the current research on this area is relatively less and the experimental data are especially rare. In 1988, the mechanical characteristics of electronic cabinets, printed circuit boards, and electronic components were systematically analyzed and studied by Steinberg [5] , which was regarded as one of the theoretical pillars of the dynamic characteristics of electronic equipment. e failure modes of electric equipment are various. For reed contact switches, higher-frequency impact loads are more likely to cause violent contact chatter and broken circuit, while lower frequency impact loads cause the larger stress and plastic deformation at the root of reeds [6] . For printed circuit board, the results of drop test and numerical simulation demonstrate that the mechanical shock causes multiple bending or vibration which induces the solder joint fatigue failure [7] [8] [9] . Besides, in the previous drop test, it was difficult to meet the requirements of accurate description of the impact input. erefore, with the wide using of electric equipment, studying the cabinet is of great significance.
As a typical frame structure, the multiplate cabinet provides impact protection for its internal electric equipment to ensure their normal working.
e impact environment in cabinet is closely related to the impact resistance of electronic components and has some specific rules. Since the scale of electronic devices is far less than the scale of cabinet plates, different electronic components in different plates and different positions may experience different impact environments. Shen [10] qualitatively analyzed the vibration isolation and buffer design of the ship cast aluminum closed cabinet and determined the vibration isolation and buffer system of the cabinet with a contrast test. Huang [11] used topology optimization combined with vibration shock tests to select the vibration isolation and buffer system of the cabinet. Blast loading response of lattice structures was studied numerically and experimentally [12] . In addition, an experimental study of frequency and time domain identification algorithms was presented and their effectiveness in structural health monitoring of frame structures was discussed [13] . Plates are main parts of cabinets, and their dynamic responses have attracted wide attention [14] [15] [16] [17] [18] . However, all of the aforementioned researches focused on the strength of cabinet or dynamic responses of isolated plates, but ignored the fact that the internal impact environment of a shipboard cabinet is very complex. e distribution law and values of impact environment in cabinet are most important for electronic equipment installed in the cabinet.
Considering the above, this paper provides a shock test method for shipboard equipment, and the data obtained can be directly used as the impact input for ship-borne electrical equipment. is paper took a shipboard cabinet as the research object and used the impact machine as the loading equipment. e experiments were conducted under four different working conditions, and the impact environment distributions were obtained. At the same time, the impact environment of the electrical equipment of the cabinet was obtained via finite element simulation. is paper provides not only a reference for the research of the impact environment of such frame structure but also the basis for the installation and protection of the ship electrical equipment.
Impact Experiment of Shipboard Cabinet

Experimental Method.
In this paper, a shipboard cabinet was used as the experimental research object. Some electrical components such as control circuit, IGBT component, capacitance, inductance, transformer, and relay were fixed on the cabinet plates by bolts.
e electronic cabinet was a frame structure composed of a main frame, front panel, and rear panel. e geometry of the shipboard cabinet is shown in Figure 1 , and the corresponding dimensions are shown in Table 1 . e whole cabinet is made up of Q235 steel which has a density of 7800 kg/m 3 , Young's modulus of 2.1e11 Pa, and Poisson's ratio of 0.3. e experimental reject was installed on the 500 kg double-wave impact test machine. Four transverse plates' thickness is 1.0 mm, and three vertical plates' thickness is 1.5 mm.
When testing, the accumulator produced a great power and force impact hammer to move upward. e impact hammer hit on impact table and gave a shock to testing equipment. e applied loads were half sine waves. e buffer cylinder was used to control strength of the loads. Twelve measuring points were chosen, among which 2 points were arranged on the bench table diagonally, 5 points on the bottom plate, and the other 5 on the upside plate. Acceleration sensors were stacked at these 12 points. e whole experimental method is shown in Figure 1 , and the physical experimental layout is shown in Figure 2 .
According to the experimental requirements of the national military standard GJB1060.1-91 [19] , the electronic cabinet was rigidly mounted on the impact machine table through the auxiliary panel. In this paper, the impact experiment was carried out on the electronic cabinet under four different working conditions e impact velocity of the impact table was changed by storing different energy of the energy storage device of the impact test machine, and the relative velocities of the four working conditions were 1.9 m/s, 3.2 m/s, 4 m/s, and 4.8 m/s. Generally speaking, the spectrum velocities of impact environment in warship will not exceed 5 m/s; the four working conditions selected in this paper cover most of the possible loads of shipboard equipment and have a great degree of differentiation.
e spectrum velocity method is usually used to represent the destructive potential of impact [20] . At present, the impact spectrum is widely used to describe the impact environment in the study of the impact resistance of submarines and surface ship equipment. It is mainly used to evaluate the possibility of equipment failure and to establish the design spectrum of equipment assessment. With the continuous improvement of the calculation method for impact response spectrum analysis, the impact response spectrum analysis has gradually become an effective method to solve the problem of vibration and impact. In this paper, the time signal of different positions was transformed into the velocity spectrum by the recursive algorithm [21, 22] . e damping coefficient was selected to be 0.05, sampling frequency was 25 kHz, and the original data were not filtered.
It is shown in Figure 3 that both the curves of acceleration with time and shock spectrums of two measuring points located at the positive ends of the diagonal line on the impact table were very similar. erefore, the impact environment of every point on the impact table seemed to be the same. It means the impact environment of any point on the table can be used as the load of the impact experiment and numerical simulation under a given working condition.
Numerical Verification.
For verifying the reliability of the experimental data, an impact simulation was carried out. As shown in Figure 4 , an infinite model of the shipboard cabinet was established with solid elements and loaded with the changing acceleration under working condition 1 below the bottom plate. e experimental and numerical results of the central position on the bottom plate were compared. It is seen in Figure 5 that the shock spectrums extracted from measuring point 7 of the experiment and numerical simulation were very similar under the same working condition.
us, the reliability of experiment was verified.
Impact Environments of the Single Plate
For exploring the di erence of impact environments from edge measuring points to central measuring points, the acceleration curves are compared and shown in Figures 6 and 7.
As is shown in the above gures, the acceleration response of each point in the cabinet shows exponential decay trend. For the bottom plate, there exist many large peaks in the curve of central point. But for the upside plate, there was no obvious di erence between the edge measuring points and the central point.
at is because the upside plate can be seen as a whole when impact load is transmitted to upside plate. In order to explain the relationship of dynamic response and frequency, the shock spectrums of measuring points are given in Figures 8 and 9.
As seen in Figures 8 and 9 , for the bottom plate, no matter how the working condition is, the impact environments of four edge measuring points are basically the same and obviously smaller than the impact environment of the central point. is phenomenon can be explained according to the nature vibration characteristics of plates. e central point is the node of rst modal shape, so its vibration is much easier to be inspired and more drastic. Above results provide an engineering suggestion that the electronic equipment with poor shock resistance should be installed at edges of plate, and the equipment with good shock resistance can be installed at the center.
Impact Environments of the Different Plates
Experimental Results.
Not only the impact environment from edge to center in single plate, but also the di erence of impact environments of di erent plates was explored in this paper. e impact environments of measuring points 1, 7, and 12 are compared under four working conditions in Figure 10 . Figure 10 shows that the impact environments of the upside center and the bottom center were very close at the low-frequency band. e cross sectional size is smaller than height of the cabinet. So, the whole cabinet can be treated as a pole and its natural longitudinal vibrating frequency is much bigger than the vibration frequencies of plates. e di erence of impact environments of measuring points 7, 12 under four working conditions is mainly existing in the middle frequency band. at may be in uenced by the vibration frequencies of plates. When the frequency of the load approaches the rst vibration frequency of the plate, there will be a phenomenon of excessive local response. erefore, it was worthy being discussed how the frequency of load in uence cabinet's dynamic response.
Simulation Results.
In order to explore the di erence of shock responses of plates, Figure 11 shows a numerical model of a multiplate installation structure established by shell elements.
e model was a 500 × 400 × 1200 mm cabinet, and the distances between every two adjacent plates were the same. e input loads were loaded at the bottom and transmitted to the top plate. e dynamic impact response characteristics of mechanical equipment are closely related to their natural vibration characteristics [23] [24] [25] [26] . Modal analysis results show that the rst-order frequencies of the local vibration from the rst plate to the fth plate in the model were 50 Hz, 60 Hz, 68 Hz, 78 Hz, and 90 Hz, respectively. e responses of all plates are shown in Figure 12 . For each curve in Figure 12 , there exist at least 2 peaks. e rst peak was caused by the frequency of impact load. e second peak stands for rst natural vibration frequency of plate. When the frequency of input load was much smaller than the vibration frequency of any plate in cabinet, no matter how the amplitude of load is, the impact environments of all plates were basically same at the low-frequency band and a little di erent at the high-frequency band. Each shock spectrum curve has two crests, and they are located at frequency of load and plate's rst vibration frequency. e Measuring point on center of bottom plate: 7
Measuring points on edge of upside plate: 8, 9, 10, 11
Measuring point on center of upside plate: 12 Shock and Vibration 3 little di erence can be ignored in engineering application. However, when the frequency of load is being close to the rst vibration frequency of plate; for example, the frequency of load is 40 Hz and the minimum frequency of plates is 50 Hz, the results changed.
It can be seen from Figure 13 that when the frequency of impact input was 40 Hz, the response of all of the plates in the cabinet appeared to be distinct, and the maximum response attenuated from the bottom plate to the top plate. e aforementioned phenomenon followed some rules. When the frequency of load is far away from the frequencies of plates, the impact environments of di erent plates are the same. When the frequency of load is close to the frequencies of plates, the impact environment of the plate whose vibration frequency is most close to the frequency of load is most severe.
Response of the Plate at a Specific Frequency
eoretical Analysis.
In general, the electronic component installed on plate (Figure 14) is sensitive to load with several speci c frequencies. When the frequency of load is close to the components' natural vibration frequencies, the resonance may occur and cause damage. e response of the plate is also the load of the electronic components. erefore, in order to provide reference for the design and antiimpact protection of electronic equipment, this paper presents a new method to estimate shock response of the plate's center at the speci c frequency.
In this paper, the central position of the plate was simpli ed as a single degree of freedom system and was loaded with a sine wave of € u(τ):
where A is amplitude and ω i is frequency. Shock and Vibratione shock spectrums are shown in Figure 15 . When the load is € u 0 (τ) whose amplitude is A 0 and frequency is f 0 , the maximum response of the system was V 00 . When the load is € u 1 (τ) whose amplitude is A i and frequency is f i , the response at f 0 was V 0i . e relationship between V 00 and V 0i should be discussed.
According to the computing method of shock response spectrum, the spectrum displacement can be obtained by Duhamel integration, thus,
where δ i (t) is the spectrum displacement; ω d is natural frequency; ξ is damping; and ω 0 is frequency of load.
For the undamped system, ξ 0, so
us, the spectrum velocities were gained 6 Shock and Vibration
is paper defines β to describe ratio of V 0i to V 00 .
erefore, β is a function of f i /f 0 , A i /A 0 and ω d . Shock and Vibration
When A i A 0 , ω 1 , ω 0 ≠ ω d , and ω d is 40 Hz, the relationship between β and f i /f 0 can be seen in Figure 16 . Four curves representing f 0 was 20 Hz, 30 Hz, 50 Hz, and 60 Hz.
Actually, the load usually is an irregular wave and can be seen as a composition of in nite sine waves. In this paper, for reducing the computation cost, it was decomposed to 10 sine waves by the empirical mode decomposition method [27] [28] [29] . Frequencies of these sine waves were f 1 , f 2 , . . .f n .
ere exists a certain β corresponding to every sine wave. e response at f i of the plate was described as a nonlinear combination of β i and f i .
Comparison of Experimental Results with eoretical Results.
In order to prove the theoretical analysis, a comparison of values obtained by the two methods was carried out and the error is shown in Table 2 . From Table 2 , all of the errors under four working conditions were smaller than 20% and permitted, so the feasibility of the new method was veri ed. e error was resulted due to three reasons: the plate was not totally equal to a single degree of freedom system, some error was caused during the impact experiment, and the input loading was not decomposed enough.
Conclusions
For the purpose of providing impact input for electronic equipment, the impact environment of each plate in the cabinet was analyzed based on the impact experiment and numerical simulation of a certain type of warship cabinet.
e following conclusions were drawn.
(1) For the bottom plate, no matter how the load is, the impact environment of center on plate is obviously more severe. But for the upside plate, the impact environments of edge points and central point are basically the same. (2) In the cabinet, when the frequency of load is far away from the frequencies of plates, the impact environments of di erent plates are the same. When the frequency of load is close to the frequencies of plates, Shock and Vibrationthe impact environment of the plate whose vibration frequency is most close to frequency of load is most severe. erefore, when assessing such electrical components, the location should be considered along with the frequency of load. (3) e theoretical analysis of the single degree of freedom oscillator is carried out, and the sensitivity of the response to the di erent frequencies of load is discussed based on the shock spectrum theory. A new method of calculating the response at the special frequency of plate is proposed and veri ed.
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